The long-standing associations between termites and prokaryotic and eukaryotic microorganisms have been crucial to the evolutionary and ecological success of this social insect group. The presence of cellulolytic microorganisms in the hindguts of termites is one of the key events that allowed termites to thrive on nitrogenously deficient food resources (49, 63) . Fossil records (80) and the similarity in gut flora and other microbial endosymbionts with those of their roach relatives (59) support the hypothesis that these associations existed in the termite ancestor (3, 50, 59) . Termite gut symbionts reside in the lumen or are attached to the wall of the hindgut region and can represent more than 40% of the termite's weight (6) . They are horizontally transmitted through coprophagy, a common behavior in termites. Indeed, the need for transfaunation of hindgut symbionts has been proposed as one of the main factors favoring group living (44) and specifically favoring the evolution and maintenance of termite sociality (18) . However, little is known about the impact that termite gut symbionts have beyond their role in cellulose degradation and host nutrition.
Here we report on the impact that antibiotic treatment has on the reproductive survival and fecundity of the dampwood termite Zootermopsis angusticollis and the Eastern subterranean termite Reticulitermes flavipes. Although previous experiments demonstrated that antibiotics compromise and/or eradicate the gut microbiota (protozoa and/or bacteria) of termites (11, 26, 53) , no studies have yet characterized the short-and long-term fitness costs associated with antibiotics in these social insects or their impact on colony growth and development. Our findings suggest that rifampin disrupts one or more mutualistic interactions essential for normal termite reproduction and longevity. moistened with either distilled water (controls) or rifampin (Sandoz Inc., Princeton, NJ; 300-mg capsules) (see below for details). Rifampin is bacteriostatic or bactericidal depending on dosage and acts by specifically inhibiting DNA-dependent RNA polymerase activity in eubacterial cells (27) . It is a broad-spectrum compound active against a variety of Gram-positive and Gram-negative organisms (8, 16, 55, 76) . The dishes, stacked in covered plastic boxes (30 by 23 by 10 cm), were maintained at 22°C.
Effects of antibiotic ingestion on Z. angusticollis gut microbiota. To determine if rifampin affected the composition of the termite's gut microbial community, Z. angusticollis reproductive pairs were established in incipient colonies as described above. The diet of four incipient colonies was supplemented with 300 l of a 0.5% suspension of rifampin on the day of pairing and 14 and 34 days after the initial dose. Three corresponding control colonies were similarly established but received distilled water instead. Subsequently, these colonies were left undisturbed until day 85 postpairing, when control and rifampin-fed females were surface sterilized with 2% NaClO and then their guts dissected in sterile phosphate-buffered saline (PBS) and preserved in 70% molecular-grade ethanol. This time frame was chosen because it was approximately at this time that the initial differences in oviposition rates became evident. Each sample was then centrifuged at 12,000 ϫ g, and the ethanol was decanted. The DNA of the guts was extracted using the Qiagen DNeasy blood and tissue kit per the manufacturer's instructions for "purification of total DNA from animal tissues." All samples were homogenized and treated with proteinase K for 3 h at 55°C before the column extraction procedure. Aliquots of the resulting DNA samples were then pooled and stored at 4°C until PCR, cloning, and sequencing (see the supplemental material for a detailed protocol). Extraction controls of sterile water were treated identically to samples and carried through all subsequent procedures. Negative water controls, as expected, showed no PCR amplification and did not yield clones containing an insert.
Effects of antibiotic ingestion by Z. angusticollis on abundance of eukaryotic microbes. To assess the effect of rifampin on the abundance of eukaryotic symbionts, we quantified protozoa in the guts of Z. angusticollis nymphs (given the unavailability of reproductives since they are produced only once a year). To control for the possible effect of termite density on gut symbionts and simulate social conditions between the two reproductives, pairs of control (n ϭ 26) and 0.5% rifampin-fed (n ϭ 30) nymphs were established, and hindgut protozoa density was estimated on days 3, 8, 14 posttreatment. These nymphs were first surface sterilized by submersion in 5% hypochlorite solution for 60 s followed by two consecutive 1-min washes in sterile water. Subsequently, the entire gut was dissected. The gut, placed inside a 1.5-ml sterile microcentrifuge tube containing 1,000 l of U solution (73) , was homogenized with a sterile pestle. To quantify the protists, 10 l of the suspension was immediately transferred to a hemocytometer and the numbers of intact and active protozoa were recorded. These estimates likely represent an underestimate of the total eukaryotic microbial community, as the possibility of lysis of the anaerobic protozoa existed during this procedure. Given that the control and experimental animals were treated in an identical manner, our quantification allows for a relative measure of the impact that rifampin had on gut protozoa between the treatments rather than providing an absolute density of such microbes.
Survival of Z. angusticollis and R. flavipes reproductives and colony fitness. Incipient colonies were established as described above to examine the effect of rifampin on termite survival and fitness. These colonies ensured the monitoring of complete families throughout colony ontogeny by performance of periodic censuses. The filter paper was initially moistened with either 300 l of distilled water (controls) or 300 l of a 0.5% rifampin solution (dissolved in sterile water) on the day of pairing and then again on the third (50 l of water or rifampin) and seventh (100 l of distilled water or rifampin) days postestablishment. Hence, the filter paper upon which experimental termites fed was impregnated with a total of 2.2 mg of rifampin throughout the length of the experiment. Z. angusticollis colonies were followed throughout the first 730 days postpairing, while the survival and fitness parameters for R. flavipes colonies were monitored for 150 days postpairing. For Z. angusticollis, totals of 87 (n ϭ 49 control and 38 experimental replicates) and 132 (n ϭ 65 control and 67 experimental replicates) nestmate pairs were initially established from each of the two stock colonies, BDTK19 and BDTK17, respectively. In addition, 29 incipient colonies were established by pairing nonnestmate male and female reproductives from these same two stock colonies (i.e., nonsibling pairs; n ϭ 14 control and 15 experimental replicates). For R. flavipes, control (n ϭ 49) and experimental (n ϭ 49) nestmate pairs were treated in an identical manner as the Z. angusticollis incipient colonies.
Incipient colonies of Z. angusticollis and R. flavipes underwent censuses every third day for the first 50 days postpairing. During these frequent initial censuses, when the incipient colonies were housed in petri dishes (Fig. 1) , we recorded survival of the reproductives, time elapsed till first oviposition, and first hatching. Subsequently, colonies were censused on approximately day 150 following initial pairing for both termite species. For Z. angusticollis, the entire colony was then transferred to a larger covered plastic container (15 by 10 by 6 cm) lined with moist paper towels and decayed birch (wood block ϳ12 by 6 by 6 cm) to allow colony expansion. The colonies were left undisturbed until the 465-and 730-day censuses except for the addition of wood and water when needed (Fig. 1) .
Effect of antibiotic ingestion on termite mass. To test if rifampin supplementation during the initial stages of Z. angusticollis colony foundation negatively impacted the reproductives' nutritional health and thus their survival and fitness, we recorded on days 50 and 465 postestablishment the mass of each surviving reproductive as an indirect measure of nutritional status. For R. flavipes, the mass of the surviving reproductives was determined immediately after the 150-day census. No differences in the rates of wood and filter paper consumption were observed between control and antibiotic-fed reproductives for either species.
RESULTS
Effects of antibiotic ingestion on Z. angusticollis gut microbiota. Diets of Z. angusticollis reproductives were supplemented with a low dose of rifampin antibiotic suspension (0.005 g of rifampin in 1 ml of sterile deionized water) on days 0, 14, and 34 after pairing. Sampling of the gut bacterial diversity by cloning and sequencing of 16S rRNA gene amplicons at day 85 indicated there was a significant difference in the bacterial population structures between the control and rifampintreated Z. angusticollis termites (P ϭ 0.01, UniFrac) ( Table 1) . As expected, rifampin treatment reduced the 16S rRNA gene bacterial diversity (Table 1) . Of the 87 clones sequenced from the control termite 16S rRNA gene library, 17 operational taxonomic units (OTUs) were represented based on a 97% identity cutoff (mean Chao1 ϭ 23 Ϯ 6 OTUs; mean ACE ϭ 21). However, among the 85 clone sequences in the rifampintreated termites, only six OTUs were represented (mean Chao1 ϭ 6 Ϯ 1 OTUs; mean ACE ϭ 6), amounting to a 64% reduction in bacterial diversity. The rarefaction analyses of the two libraries also showed that despite similar sequencing ef-FIG. 1. Diagrammatic representation of the protocol. Incipient colonies of Z. angusticollis were established by paring dealates inside petri dishes lined with filter paper and wood on day zero. Arrows indicate the days at which rifampin was added to the experimental colonies. Control colonies received distilled water only on these same days. In subsequent censuses, colonies were sprayed with distilled water as needed. Pd indicates that incipient colonies were housed in petri dishes. Q and K denote queen and king, respectively. See text for details.
forts with each treatment, the control termite library was less exhaustively sampled than the antibiotic-treated termites (see Fig. S1 in the supplemental material), indicating a greater diversity in the untreated termites. The species richness and diversity indices confirmed that there was an unequal distribution of the bacterial OTUs in the two treatments (reciprocal Simpson's evenness ϭ 6 for control and 3 for rifampin).
Of the six OTUs in the rifampin-treated guts, three were shared with the control group and two of these were maintained at the same relative proportion among the treatments (Table 1) . These three bacteria were a Treponema sp. the Endomicrobia termite symbiont termite group 1, and a Desulfovibrio sp. These bacteria are known inhabitants of termite guts (34, 40, 48) . The other three OTUs in the treated group were unique and included Serratia, an uncultured Enterococcus sp., and an uncultured epsilonproteobacterium that was the dominant bacterium in the rifampin-treated guts ( Table 1 ). Given that resistance to rifampin is easily attained by single random mutations of the bacterial RNA polymerase (16) , it was necessary to establish whether the recorded alterations in gut microbial communities were influenced by a buildup of antibiotic-resistant species. After cross referencing our microbial diversity data with the expected species that contain these resistance mutations (see Table S1 in the supplemental material), we found that the frequency of strains with rifampin resistance was low and was equivalent between pre-and posttreatments (P ϭ 0.6, Fisher's exact test). Thus, we conclude that the antibiotic treatment did not select for rifampin resistance.
Ingestion of rifampin also had a significant short-term negative impact on the number of gut protozoa per gram of termite. In a separate experiment, nymphs fed rifampin for 3 days had a significantly lower median number of protozoa (Ϯ interquartile range) in their guts than the controls (9.7 ϫ 10 6 Ϯ 3.4 ϫ 10 6 for rifampin versus 2 ϫ 10 7 Ϯ 9.4 ϫ 10 6 for control; P ϭ 0.01) (medians are reported given that the frequency with which gut protozoa were recorded was not normally distributed). However, in subsequent dissections on days 8 and 14 postfeeding, the median number of protozoa per gram of termite did not differ significantly between the two treatments (1.2 ϫ 10 7 Ϯ 9.3 ϫ 10 6 for control versus 8.7 ϫ 10 6 Ϯ 7.6 ϫ 10 6 for rifampin [P ϭ 0.5] on day 8; 9.8 ϫ 10 6 Ϯ 1 ϫ 10 7 for control versus 7 ϫ 10 6 Ϯ 9.3 ϫ 10 6 for rifampin [P ϭ 0.5] on day 14). Thus, although rifampin temporarily affected the number of protozoa in termite guts, it did not destroy them completely. Collectively, our results indicate that rifampin has only a moderate and transitory effect on the density of the culturable protozoan gut community and has a prolonged effect on the diversity of bacteria in termite guts.
Survival of Z. angusticollis reproductives and colony fitness. The effects of the antibiotic on survival were evaluated throughout the first 2 years of colony life. A Cox proportional regression model with the variables "colony of origin" (either BDTK17 or BDTK19), "gender," "sibship" (nestmate or nonnestmate pairs), and "treatment" (control or antibiotic fed) revealed that colony of origin (Wald statistic [WS] ϭ 7.3, df ϭ 1, P ϭ 0.007) and treatment (WS ϭ 25.1, df ϭ 1, P Ͻ 0.0001) had significant effects. First, reproductives from colony BDTK17 had 1.3 times the hazard ratio of death as reproductives from colony BDTK19 after controlling for the effect of treatment (Table 2) . Second, rifampin-fed reproductives after 2 years postpairing were 1.7 times as likely to suffer premature mortality than untreated individuals, even after controlling for the effect of colony of origin ( Fig. 2 ; Table 2 ). The time course of survival for the reproductives did not differ significantly between the rifampin and control treatments (Breslow 2 ϭ 2.8, df ϭ 1, and P ϭ 0.09 for BDTK17; Breslow 2 ϭ 0.1, df ϭ 1, and P ϭ 0.7 for BDTK19) (Fig. 2) , until after day 150 (Fig. 2) . By 465 days, the survival distributions and percent survival were significantly different between the control and antibiotic treatments for each of the stock colonies (Fig. 3) . These differences were pronounced by 730 days. At this time, 50% of the original control reproductives had died. In contrast, the rifampin-fed reproductives reached 50% mortality by the 465-day census ( Fig. 2; Table 2 ). Thus, on average, the control termites lived approximately 265 additional days before reaching the 50% mortality mark (median lethal time [LT 50 ] estimate [ Table 2 ]). These findings indicate that the effects of rifampin treatment significantly affect survivorship of reproductives from both stock colonies, with mortality differences being most prominent between 465 and 730 days ( Fig. 2 ; Table 2 ).
Rifampin-fed reproductives originating from both colonies had consistently fewer offspring than their corresponding untreated controls. Because none of the reproductive output metrics differed significantly between BDTK17 and BDTK19 (Mann-Whitney U tests [MW]), statistical analyses were carried out by combining all colonies within a treatment. Given the longitudinal nature of this study, we present a detailed description of the effects of antibiotic treatment on colony fitness at each of the census dates.
(i) Census at 150 days postpairing. The addition of low dosages of rifampin during the initial stages of colony foundation in Z. angusticollis resulted in a significant reduction in fecundity. Figure 3 shows a significant disparity between the frequency distributions of offspring number between surviving control and rifampin-treated colonies. The percentage of surviving control colonies with eggs, larvae, and soldiers on day 150 postestablishment was higher than that of rifampin-treated colonies; furthermore, a higher percentage of control colonies produced the highest number of eggs, larvae, and soldiers (Fig.  3) . At 150 days postpairing, surviving control colonies also had a significantly higher median number of eggs, larvae, and soldiers than their rifampin-treated counterparts (Fig. 4) . Furthermore, the effect of the antibiotic on Z. angusticollis reproductive output appeared to be immediate, since it significantly delayed first oviposition, by approximately 47 days (MW ϭ 870, z ϭ Ϫ5.5, P Ͻ 0 0.0001) (Fig. 5a ), and had a tendency to delay first hatching by roughly 33 days (MW ϭ 1,220, z ϭ Ϫ1.8, P ϭ 0.06) (Fig. 5b) relative to controls.
(ii) Census at 465 days postpairing. The antibiotic continued to have a long-term negative effect on colony reproduction. All fitness parameters of surviving rifampin-fed reproductives were significantly reduced relative to those of controls (Fig. 5) .
(iii) Census at 730 days postpairing. At 2 years postpairing, the negative effect of rifampin on colony fitness persisted despite the antibiotic treatment being provided only during the (Fig. 4) . After controlling for the effects of mass (see below), sibship, and colony of origin, treatment significantly influenced colony fitness (t ϭ Ϫ2.9 and P ϭ 0.004 for eggs, t ϭ Ϫ3.8 and P Ͻ 0.0001 for larvae, and t ϭ Ϫ4.1 and P Ͻ 0.0001 for soldiers as determined by multivariate linear regression with SPSS [65] ). By the last census, 69.8% of the 128 originally established control colonies had oviposited at least one egg, while only 38.6% of the 120 original rifampin-treated colonies had done so (Pearson's 2 ϭ 24.0, df ϭ 1, P Ͻ 0.0001). Moreover, 63.5% of the original control colonies produced at least one larva, whereas only 28.6% of the original rifampin-treated colonies did (Pearson's 2 ϭ 30.0, df ϭ 1, P Ͻ 0.0001). Survival of Reticulitermes flavipes primary reproductives and colony fitness. R. flavipes reproductives treated with antibiotic had a survival rate comparable to that of the controls for the first 5 months of colony life. A Cox proportional regression indicated that neither colony of origin, sibship, gender, nor treatment was a significant and independent predictor of ter- . Approximately 45% and 44% of the original control and rifampin-treated colonies, respectively, hatched at least one larva (Pearson's 2 ϭ 0.002, df ϭ 1, P Ͼ 0.05). After 150 days postestablishment, no soldiers had differentiated. Although these proportions were not statistically significant, several additional reproductive parameters of the rifampin-treated reproductives were negatively impacted relative to controls. Rifampin-fed R. flavipes reproductives had a lower maximum number of eggs (MW ϭ 242.5, z ϭ Ϫ2.7, P ϭ 0.007), lower maximum number of larvae (MW ϭ 159.0, z ϭ Ϫ2.8, P ϭ 0.005), and lower number of larvae on day 150 postpairing (MW ϭ 112.0, z ϭ Ϫ3.5, P Ͻ 0.0001) (Fig. 6) . Although some additional reproductive parameters were reduced for rifampin-fed reproductives, they were not statistically different. Larger sample sizes and longer surveys past the first 150 days postestablishment are needed to elucidate if rifampin has long-term effects on R. flavipes reproduction similar to those it had in Z. angusticollis.
Taken together, these results indicate that small amounts of rifampin provided during the incipient stages of colony foundation alter the reproductive outputs of both termite species for the long term.
Termite mass. The mass of each surviving Z. angusticollis reproductive was recorded on days 50 and 465 postestablishment (Table 2 ). Our results show that by day 50, control reproductives were no more than 0.005 g heavier than their rifampin-fed counterparts. These differences, although small, were significant (Table 2) . On day 465 postpairing, the differences in masses of the surviving reproductives were reversed, and now rifampin-fed reproductives were heavier than their respective controls ( Table 2 ). The reversal in the weight differences from day 50 to day 465 was apparently due to accelerated weight loss in the controls for both BDTK17 (0.060 g versus 0.052 g; t ϭ 6.0, df ϭ 180, P Ͻ 0.001) and BDTK19 (0.063 g versus 0.057 g; t ϭ 4.1, df ϭ 164, P Ͻ 0.0001) rather than significant weight gain in the antibiotic-treated termites of BDTK17 (0.055 g versus 0.053 g t ϭ 0.96, df ϭ 131, P ϭ 0.3) and BDTK19 (0.058 g versus 0.060 g; t ϭ Ϫ1.6, df ϭ 113, P ϭ 0.1). The significant weight loss of controls could be due to a higher investment of their energetic reserves in reproduction than that of the antibiotic-treated reproductives, which consistently had lower reproductive output. On day 150 postpairing, the masses of control and rifampintreated R. flavipes male and female reproductives were not significantly different (for males, average Ϯ standard deviation [SD] ϭ 0.0042 Ϯ 0.0007 versus 0.0038 Ϯ 0.0006, respectively [t ϭ 1.9, df ϭ 39, P Ͼ 0.05]; for females, average Ϯ SD ϭ 0.0046 Ϯ 0.0007 versus 0.0042 Ϯ 0.0007, respectively [t ϭ 1.7, df ϭ 39, P Ͼ 0.05]), and therefore we conclude that the addition of rifampin to the diet of R. flavipes reproductives did not cause malnutrition, starvation, or higher mortality relative to controls.
DISCUSSION
This investigation demonstrates that the addition of the antibiotic rifampin to the diet of Z. angusticollis and R. flavipes during colony establishment reduces bacterial diversity in the reproductive's guts, as well as colony fitness. Relative to controls, rifampin-treated Z. angusticollis reproductives had reduced survival and lower reproductive success. They exhibited a delayed first oviposition and significantly lower production of eggs, larvae, and soldiers throughout the 730 days of colony life (Fig. 4 and 5) . Similarly, rifampin treatment in R. flavipes led to a reduction in the total number of eggs and larvae during the first 150 days of colony foundation (Fig. 6) . How does rifampin treatment mediate the fitness costs on reproduction in these termite species? We propose two possible explanations.
First, the antibiotic could influence the reproductive success of reproductives indirectly by compromising the nutritional health of the royal pair, causing reduced weight gain and reproductive output. Rifampin could have caused defaunation of the eukaryotic hindgut microbes, resulting in malnutrition and/or starvation. The elimination of wood-digesting protozoan symbionts through the use of antibiotics has previously been demonstrated (11, 26, 53) . However, in this study, rifampin-treated termites had numerous protozoa (median number ϭ 7 ϫ 10 6 Ϯ 9.3 ϫ 10 6 protozoa per gram of termite) at 14 days posttreatment, and it is the gut protozoa that are primarily responsible for cellulase activity in the digestive tracts of primitive "lower" termites (13, 36) . Rifampin does not have a prolonged negative effect on the cellulolytic gut protozoa of Z. angusticollis, most likely because this antibiotic specifically inhibits the bacterial RNA polymerase (32) . Moreover, the most abundant bacteria in the termite's hindgut, the spirochetes, play an important role in the digestion process and are highly resistant to rifampin (12) . Hence, the facts that (i) rifampin did not eradicate protozoan symbionts of Z. angusticollis, (ii) the body mass of Z. angusticollis reproductives was transiently affected (Table 2) and that of R. flavipes was unaffected, and (iii) the experimental replicates survived up to the 465-and 730-day censuses (for Zootermopsis) and the 150-day census (for Reticulitermes) while continuing to show a reproductive output biased against rifampin treatment do not support antibiotic toxicity, malnutrition, and/or starvation as a factor reducing fitness. Furthermore, endogenous production of cellulases has been reported in this insect order, and hence nutrition in termites may not be completely dependent on their protozoa communities (7, 25, 71, 72, 77) .
Similar studies using antibiotics in the phylogenetically related roach Periplaneta americana resulted in poor growth and reduced reproductive output (54) . These effects were attributed to the elimination of Blattabacterium, which mobilizes nitrogen from urate waste deposits within the fat tissue. It also provides vitamins, proteins, and essential amino acids to the roach (3, 4, 54, 59) . Although Z. angusticollis lacks an association with Blattabacterium (59), other bacteria, including the rifampin-eliminated Bacteroidetes and Treponema, are similarly involved in nitrogen fixation (11, 13, 35, 43, 46) and/or the production of NH 3 from uric acid (52, 59, 66) . The absence of these taxonomic groups may have irreversibly restricted nitrogen availability in female reproductives. Given that dietary nitrogen supplementation is known to significantly increase ovariole number and fecundity in Z. angusticollis neotenics and other insects (5, 10) , the loss of the Bacteroidetes and Mollicutes may have compromised nitrogen reserves and/or the essential amino acids required for oogenesis. However, some Epsilonand Gammaproteobacteria, two classes that were overly represented in the treated guts, may perform ammonification, denitrification, and nitrogen fixation (38, 46) . Thus, further work is required to associate the fitness cost in treated termites with a shift in the ability to use nitrogen. A second possible explanation for the long-term fitness costs associated with antibiotic treatment is that rifampin disrupted one or more mutualistic bacterial partnerships within the termite hosts, specifically, a partnership(s) that goes beyond the breakdown of cellulose. Given the long coevolutionary history between the gut symbionts and termites, it is likely that these social insects accrue additional benefits from their microbiota that are unrelated to cellulolytic activity. Microbes can play other important roles within their termite hosts, including detoxification (17) , mediation of disease resistance and immune function (15, 23, 31, 51, 58, 60 ; K. F. Schultheis et al., unpublished data), production of volatile compounds that are coopted to function as aggregation or kin recognition pheromones and defensive secretions (2, 22, 24, 28, 39, 45, 47) , and performance of atmospheric nitrogen fixation (5, 11, 35) . Results from this work suggest that the microbial communities of Z. angusticollis and R. flavipes may also contribute to the fecundity of reproductives and ultimately to the successful establishment of colonies. One such candidate for affecting reproduction is Wolbachia pipientis, a widespread intracellular bacterium known to infect Z. angusticollis (9) . However, based on PCR surveys of the Wolbachia wsp genes from antibiotictreated and untreated reproductives, Wolbachia was not involved in influencing colony fitness, since all reproductives, nymphs, and eggs from both the experimental and control colonies harbored Wolbachia regardless of treatment and colony of origin.
The bacteria identified in our control animals have previously been associated with termite guts, either as normal symbionts (33, 34, 40, 48, 70) or as opportunistic pathogens (75; Table 1 ). The long-term fitness costs likely resulted from perturbations in the termite gut symbionts in treated termites. Rifampin is a bactericidal antibiotic that preferentially targets Gram-positive bacteria (78, 81) . The consequence of employing this antibiotic is that it shifted the gut microbial community largely toward Gram-negative microorganisms, including known termite symbionts, i.e., termite group 1, Desulfovibrio spp., and Treponema spp. (Table 1) .
The most striking change was the abundance of an epsilonproteobacterium that was not represented in the control termite library. This bacterium's 16S rRNA gene sequence is 98% similar to that of a rare symbiont of the termite luminal lining (34) and appears to have increased its proportional representation in the gut microbiota. At least two potential reasons for this shift in the dominant bacteria exist. First, the decline in Gram-positive bacteria may have allowed rare members of the community such as the Gram-negative epsilonproteobacterium to exploit the new, unoccupied niche space of the gut. Members of the rare biosphere potentially offer an unlimited source of microbial diversity that flourishes upon ecological perturbations (64) . By altering the normal microbiota of the gut with antibiotics, rare but relatively fast-growing microaerophilic species (i.e., some proteobacteria and Serratia) not susceptible to the antibiotic may now exploit the host niche as well as the levels of available oxygen, ultimately overgrowing and becoming dominant in the gut (see references 14, 27, 41, 58, and 79 and references therein). Second, the appearance of rare or nonnative bacterial members in the rifampin-treated guts may be affected by interactions with other bacteria. For example, the Serratia marcescens 16S rRNA gene sequence identified in our study is 99.9% identical to that of an opportunistic pathogen of termites that has been hypothesized to induce replication of normal termite gut bacteria by suppressing the host immunity, changing available oxygen, and producing bacterial growth-promoting enzymes such as carboxymethyl cellulase (1, 19, 68, 75) . A Serratia-induced proliferation of the symbiotic community could cause septicemia, which can result in early termite mortality (75) . S. marcescens is present in the rifampintreated termite gut library but not in the control termite gut library. Thus, its appearance in the treated termites may have directly or indirectly led to the proliferation of the rare epsilonproteobacterium symbiont of the luminal lining (48) . However, it is important to keep in mind that not all associations with Serratia are necessarily pathogenic. Serratia grimesii, for example, has been implicated as a source of folate compounds important to the maintenance of a functional hindgut microbiota of Z. angusticollis (29) . The shift in gut bacterial population structure is strikingly prolonged, since termites were not fed antibiotics for ϳ50 days prior to dissections. The inability to return to a pretreatment microbial homeostasis (70) , coupled with the acquisition of putative opportunistic pathogens and the low growth rates of many of these termite gut microorganisms (27, 30, 41, 42, 62) , may help explain the prolonged effects that the antibiotic had on longevity and fecundity.
This study provides the first report of the long-term fitness consequences of disrupting the normal gut microbiota of termites. The long coevolutionary history of termites and their associated microbiota, coupled with the environmentally stable conditions inside their nests, lends itself to study of the nature and dynamics of symbiotic interactions (37) . The mutualistic gut partnerships of social insects may not only affect the fitness of individuals but also have significant repercussions at the colony level. Symbionts, whether parasitic, commensal, or mutualistic, pose important selective pressures on their hosts. These host-microbe interactions likely influence the evolution of multiple host life history traits, including longevity, behavior, reproductive biology, immunity, and evolution and maintenance of sociality (see references 20, 37, 56, 61, 69, and 74 and references therein). Furthermore, the use of rifampin and/or other antibiotics has potential applicability for biological control of social insect pests. By disrupting the mutualistic interaction between termite hosts and their symbionts, better management practices for these social insect pests may be achieved without the environmental and ecological drawbacks typically associated with the use of other toxic chemicals.
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